The actin-based cytoskeleton is essential for the generation and maintenance of cell polarity, cellular motility, and the formation of neural cell processes. MRP2 is an actin-binding protein of the kelch-related protein family. While MRP2 has been shown to be expressed specifically in brain, its function is still unknown. Here, we report that in neuronal growth factor (NGF)-induced PC12 cells, MRP2 was expressed along the neurite processes and colocalized with Talin at the growth cones. MRP2 mRNA and protein levels were up-regulated in PC12 cells following NGF stimulation. Moreover, treatment of PC12 cells with interfering RNAs for MRP2 and glycogen synthase kinase 3␤ (GSK3␤) resulted in the inhibition of neurite outgrowth. A significant decrease in MRP2 expression levels was observed following GSK3␤ inhibition, which was correlated with the inhibited neurite outgrowth, while GSK3␤ overexpression was found to increase MRP2 expression levels. MRP2 interacted with GSK3␤ through its NH 2 terminus containing the BTB domain, and these molecules colocalized along neurite processes and growth cones in differentiated PC12 cells and rat primary hippocampal neurons. Additionally, increased associations of MRP2 with GSK3␤ and MRP2 with actin were observed in the NGF-treated PC12 cells. Thus, this study provides, for the first time, insights into the involvement of MRP2 in neurite outgrowth, which occurs in a GSK3␤-dependent manner.
Proliferation, differentiation, and morphogenesis are orchestrated by a variety of intracellular signals that are mediated by signal transduction cascades. In addition, nervous system function depends on the complex architecture of neuronal networks. The sprouting of neuronal outgrowth is an important characteristic in early neuronal differentiation. Neurogenesis begins immediately after neuronal commitment, with the activation of membrane receptors by extracellular cues subsequently activating intercellular cascades that trigger changes in the actin-based cytoskeleton. The actin-based cytoskeleton, together with microtubules and intermediate filaments, forms an internal framework which regulates the structure and function of cells and is responsible for the generation and maintenance of cell polarity and cellular motility (29) .
The actin-based cytoskeleton plays an important role in the formation of neural cell processes in developing neural tissues (38) , is involved in controlling secretion from neurons (45) , and also regulates gated channels (46) . In response to extracellular signals, dynamic changes occur in the architecture of cells leading to alterations in cell morphology and gene expression (5, 40) .
Rearrangement of the actin-based cytoskeleton is regulated by a large number of actin-binding proteins (3, 41) . A unique family of actin-binding proteins with sequences and structural domains homologous with the Drosophila kelch proteins has been identified (1, 3) . The kelch-related proteins are believed to be important for the maintenance of the ordered cytoskeleton (12, 39) ; have diverse functions in cell morphology, cell organization, and gene expression; and form multiprotein complexes through contact sites in their ␤-propeller domains (9) . Alterations and mutations of these proteins were found in brain tumors (31) and neurodegenerative disorders (8) . At least 60 kelch-related proteins have been identified in various organisms from virus to mammals, but their physiological and biochemical functions remain largely uncharacterized (1, 3) . Previously, we have reported the cloning and characterization of actin-binding proteins, namely NRP/B (24, 25, 31) and Mayven (22, 41) . While NRP/B was implicated in neuronal differentiation (24) and tumor development (19, 25, 31) , Mayven was shown to be involved in the dynamic organization of the actin-based cytoskeleton in brain cells (41) and to promote the process elongation of oligodendrocytes (22) . In addition, we have identified and cloned a new member of this family, designated as MRP2 (Mayven-related protein 2).
MRP2 was determined to be the same molecule as kelch-like 1 (KLHL1) (34) . KLHL1/MRP2 consists of two major structures: the BTB domain in the predicted NH 2 terminus and the kelch domain in the predicted COOH terminus. The BTB domain, found primarily in zinc finger proteins, is involved in the protein-protein interaction interface (4) and in both dimer and heterodimer formation in vitro (2) . MRP2 also shares significant homology with the kelch repeats found in several kelch-related genes (47, 52) . KLHL1/MRP2 contains six repeats of kelch in its COOH terminus. This domain may have a crucial function in actin binding, protein folding, or proteinprotein interactions. Transcripts of KLHL1/MRP2 are primarily expressed in brain tissues and encode a 748-amino-acid protein. KLHL1/MRP2 is localized in the cytoplasm (34) and is mainly expressed in specific brain regions, including the cerebellum, the area most affected by spinocerebellar ataxia type 8 (SCA8). The inherited SCA8 is caused by a CTG expansion mutation in the natural antisense RNA of KLHL1 (6, 28, 34) . However, the physiological function of KLHL1/MRP2 is not known.
Glycogen synthase kinase 3 (GSK3) is a multifunctional serine/threonine kinase identified ubiquitously in eukaryotes (51) . Biochemically, GSK3 has a high basal activity. GSK3 is known to be important in many biological processes, ranging from the canonical Wnt signaling pathway to astrocyte migration (13, 14, 36) . Two isoforms of GSK3 were identified as GSK3␣ and GSK3␤. GSK3␣ is dominant in most tissues, while GSK3␤ is abundantly found in neuronal tissues (51) . GSK3␤ plays an important role in the early patterning of the central nervous system and in neuronal differentiation (50) . In the central nervous system, the expression of GSK3␤ is developmentally up-regulated during axonogenesis, and is present in growing axons. However, it is restricted in the adult to neuronal cell bodies and axons at the end of axonogenesis (30) . GSK3␤ has also been shown to control cell polarity (14) .
In the present study, we examined the involvement of MRP2 in neuronal differentiation and showed that MRP2 mediates the neurite outgrowth of PC12 cells in a GSK3␤-dependent manner, following neuronal growth factor (NGF) stimulation.
MATERIALS AND METHODS
Reagents. PC12 cells were obtained from ATCC (CRL-1721). Monoclonal (sc-7291) and polyclonal (sc-9166) anti-GSK3␤ antibodies and polyclonal antihemagglutinin (HA) (sc-805) antibody, as well as GSK3 inhibitor II (inGSK3 II; sc-24020), were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-phospho-GSK3 antibody (specific tyrosine-phosphorylated GSK3␣ and GSK3␤), and NGF (2.5S) were acquired from Upstate, Inc. (Chicago, IL). Antiactin antibody (C4, MAB1501) was from Chemicon International, Inc. (Temecula, CA). Mammalian expression vector (pFLAG-CMV4), anti-Flag (M2), anti-microtubule-associated protein 1B (MAP1B [MAP5]), phalloidintetramethyl rhodamine isothiocyanate (TRITC), anti-Talin (T3287) antibodies, poly-D-lysine, LiCl, and K252a were from Sigma-Aldrich (St. Louis, MO). Interfering RNAs (RNAis) for MRP2 (siMRP2; M-050699) and for GSK3␤ (siGSK3␤; M-003010) were from Dharmacon, Inc. (Chicago, IL), and Upstate, Inc. (Chicago, IL), respectively. Trizol reagent was obtained from Invitrogen (Carlsbad, CA).
MRP2 antibody. Rabbit anti-peptide antibody was raised against MRP2 (RR CSDLSML; amino acids [aa] 391 to 399). The antibody was characterized in our laboratory and tested for its specificity. No cross-reaction between MRP2 and the other kelch-related members was found.
Immunohistochemistry. Cell cultures were washed twice with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 15 min. The cultures were treated with 0.5% Triton X-100 in PBS for 30 min. After three washes, the cells were blocked with 10% goat serum in PBS for 2 h and incubated with anti-MRP2 and/or anti-GSK3␤ for 1 h at room temperature. Following three washes, the cultures were incubated with fluorescein isothiocyanate (FITC)-conjugated immunoglobulin G (IgG) and Tris-conjugated IgG antibodies for 1 h. After another three washes, the slides were mounted and images were taken using a confocal microscope (Zeiss LSM 510 Meta).
RNA isolation and RT-PCR amplification. RNA isolation was performed using Trizol reagent. The procedure was carried out according to the manufacturer's instructions. In brief, PC12 cells were seeded on six-well plates and treated as described in the experiments. One milliliter of Trizol reagent was added, and after 15 min, 0.2 ml of chloroform was also added. Samples were vigorously inverted by hand for 15 s, incubated at room temperature for 3 min, and then centrifuged at 12,000 ϫ g for 15 min at 4°C. Following centrifugation, the supernatant was transferred to a fresh tube and 0.5 ml of isopropyl alcohol was added. Following incubation at room temperature for 10 min, samples were centrifuged at 12,000 ϫ g at 4°C for 10 min. The pellets were washed once with 75% ethanol, dissolved in RNase-free water, and incubated at 60°C for 10 min. The RNA concentration was measured and stored at Ϫ80°C. Trizol-isolated total RNA was then subjected to PCR analysis. The MRP2 transcript level was semiquantitated by reverse transcription-PCR (RT-PCR). One-step RT-PCR was performed based on the manufacturer's instructions using a set of specific MRP2 primers: 5Ј-GACCCG CTGGAAACTCTTCAG-3Ј and 5Ј-CACATCCTTCACCTGTTGCCT-3Ј. To ensure equal loading, total RNA was amplified with a set of housekeeping gene primers: 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј and 5Ј-GAAGATGGT GATGGGATTTC-3Ј. The temperature conditions were 50°C for 1 h and 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 68°C for 30 s, and 68°C for 60 s and an extension of 68°C for 2 min. An RT-PCR product of 453 bp was visualized on an ethidium bromide-stained 1.2% agarose gel.
Immunoblot analysis. PC12 cells were washed with PBS and lysed directly on ice with cold lysis buffer: 100 mM KCl, 300 mM sucrose, 10 mM PIPES [N,NЈ-bis(2-ethanesulfonic acid); pH 6.8], 3 mM MgCl 2 , 1.2 mM phenylmethylsulfonyl fluoride, 0.5% Triton X-100, and 1 mM EGTA. The lysates were transferred to a new tube followed by solubilization for 1 h at 4°C. Total cell lysates were clarified by centrifugation at 12,000 rpm for 20 s at 4°C. The concentration of the cell extracts was determined using a protein assay. Equal amounts of proteins were applied for 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto polyvinylidene difluoride membranes. The blots were incubated with anti-MRP2, anti-GSK3␤, anti-MAP1B, or anti-carboxy-terminal Src kinase (CSK) antibodies. After three washes, the blots were incubated with horseradish peroxidase-conjugated IgG antibody.
DNA constructs. The mammalian expression construct for MRP2 was generated by amplifying human cDNA of MRP2 using the following primers: hMRP2-F1 (5Ј-GCGGCCGCCTCAGGCTCTGGGC-3Ј) and hMRP2-R1 (5Ј-G ATATCTCAAGGTTGCTTGATGACTAC-3Ј). The product was digested and inserted into the pFLAG-CMV4 vector at the NotI and EcoRV restriction sites. The resulting construct was designated as pCMV4-MRP2. Truncated domains, namely BTB and kelch, were also constructed into pFLAG-CMV4. MRP2/BTB and MRP2/Kelch were generated by amplification of pCMV4-MRP2 using the following respective primers: hMRP2-F2 (5Ј-GCGGCCGCCTCAGGCTCTGG GCGAAAAG-3Ј) and hMRP2-R2 (5Ј-GATATCTTAGCACACTTCCACCAC CTG-3Ј) and hMRP2-F3 (5Ј-GCGGCCGCCACTTTGTATGCTGTAGG-3Ј) and hMRP2-R3 (5Ј-GATATCTCAAGGTTGCTTGATGACTAC-3Ј). The primers amplified 903 bp (301 aa) and 869 bp (288 aa) of the BTB and kelch domains, respectively. The PCR products were inserted into pFLAG-CMV-4 at the NotI and EcoRV restriction sites. The constructs were designated as pCMV4-MRP2/BTB and pCMV4-MRP2/Kelch. For the glutathione S-transferase (GST)-MRP2 construct, MRP2 was generated by PCR using the following specific primers: hMRP2-F4 (5Ј-GTCGACTCAGGCTCTGGGCGAAAAG-3Ј) and hMRP2-R4 (5Ј-CTCGAGTCAAGGTTGCTTGATGACTAC-3Ј). The PCR product was digested with SalI and XhoI, and ligated to the pGEX-4T3 vector. The construct was designated as pGEX-MRP2. pGEX-MRP2 was induced with IPTG (isopropyl-␤-D-thiogalactopyranoside) to express GST-MRP2 in the competent cells (BL21). The pEGFP-KLHL1 and pCMV-HA/GSK3␤ constructs were kindly provided by Michael D. Koob Cell cultures and transfection. Rat primary hippocampal neurons were prepared from the hippocampus region of Sprague-Dawley rats at gestational day 18 as previously described (24) . Briefly, the primary hippocampal neurons were grown for 7 days in neurobasal medium containing B-27 supplement and Lglutamine (1.0 mM). The neurons were then preincubated for 5 to 6 h in neurobasal medium without any supplements.
HEK293T (293T) cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml). The cells were seeded on six-well plates at a density of 4 ϫ 10 4 cells/well and then transfected with DNA constructs using Lipofectamine. PC12 cells were maintained in poly-D-lysine-coated plates containing DMEM supplemented with 10% horse serum, 5% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml). The cells were plated at a density of 2.5 ϫ 10 4 cells/cm 2 and allowed to adhere overnight. For induction of differentiation, cells were cultured overnight on the coated plates, and the medium was replaced with DMEM supplemented with 0.5% horse serum and 0.25% fetal bovine serum along with NGF at a final concentration of 50 ng/ml. PC12 cells were transfected using Lipofectamine 2000 as per the manufacturer's instructions. Briefly, cells were seeded overnight and transfected with enhanced green fluorescent protein (EGFP) or EGFP/MRP2 construct. Following 24 h of transfection, the medium was removed and new differentiation medium containing NGF (50 ng/ml) was added to the cultures. Following 24 h of transfection, the medium was removed and new differentiation medium containing NGF (50 ng/ml) was added to the cultures. To examine the effect of LiCl on MRP2 levels following 24 h of seeding, PC12 cells were stimulated with NGF (50 ng/ml) and/or treated with LiCl (10 mM) or K252a (10 nM).
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Transfection of siRNA. Transfections were performed using a Nucleofector device (Amaxa) per the manufacturer's instructions. Briefly, PC12 cells (5 ϫ 10 6 ) were harvested and resuspended with 100 l of the provided Nucleofector solution. The cell suspension was mixed with 1.5 g of RNAis for GFP (siGFP), MRP2 (siMRP2), or GK3␤ (siGSK3␤) and then transferred to a certified cuvette. The cuvette was inserted into the Nucleofector device, and the appropriate program (A27) was selected and started. Immediately, the cells were replated and cultured for 24 h and then induced with NGF for 72 h.
Immunoprecipitation. 293T cells were seeded on six-well-plates overnight and cotransfected with pCMV4-MRP2, pCMV4-MRP2/BTB, or pCMV4-MRP2/ Kelch along with pCMV-HA/GSK3␤. Following 24 h of transfection, the cultures were washed twice with PBS and lysed with cold lysis buffer on ice. The cell extracts were solubilized for 30 min at 4°C. After preclearing, the clear extracts were immunoprecipitated with anti-HA antibody. The precipitates were then blotted and probed with anti-Flag antibody.
The association of MRP2 with actin or with GSK3␤ was examined. To determine the association in rat primary hippocampal neurons, 500 g of total cell lysates was immunoprecipitated with antiactin or anti-GSK3␤ antibodies and probed with anti-MRP2 antibody. To assess the MRP2 and GSK3␤ association in PC12 cells, 500 g of total cell lysates from untreated or NGF-treated PC12 cells was immunoprecipitated with anti-MRP2 antibody and blotted with anti-GSK3␤ antibody. To analyze the MRP2 and actin association in PC12 cells, 200 g of total cell lysates from untreated or NGF-treated PC12 cells was immunoprecipitated with anti-MRP2 antibody and blotted with antiactin antibody. To examine the effect of siMRP2 on the association of GSK3␤ and MRP2, PC12 cells were treated with siMRP2, followed by NGF treatment (50 ng/ml). After 72 h, total cell lysates (500 g) were immunoprecipitated with either polyclonal anti-GSK3␤ or control antibodies and immunoblotted with anti-MRP2 antibody.
GST pull-down. GST and GST-MRP2 were expressed in Escherichia coli and purified for the binding assay. PC12 cells were lysed and then rotated for 30 min at 4°C. To remove the nonspecific binding to GST, clear protein extracts were incubated with Sepharose beads for 1 h and centrifuged. The supernatants were incubated with GST or GST-MRP2 at room temperature for 1 h. After three washes with lysis buffer, the precipitates were subjected to immunoblotting analysis.
Measurement of neurite outgrowth. Effects of the various treatments on neurite outgrowth were analyzed based on the length of the neurite outgrowth. Cells bearing one or more neurites greater than one cell diameter were defined as differentiated cells (17) .
Statistics. Data are reported as the mean Ϯ standard error of the mean (SEM). Student's t test was used to assess the significance of three independent experiments. P Ͻ 0.05 was used as the criterion to determine statistical significance.
RESULTS
MRP2 is involved in neurite outgrowth. The PC12 cell line derived from a rat pheochromocytoma was used as a model system to examine the biological function of MRP2 in neurite outgrowth, as these cells have very distinct differentiation, proliferation, and survival responses upon stimulation with growth factors. Since NGF previously was reported to induce the differentiation of PC12 cells (18) through the TrkA receptors (11), we first examined the expression of MRP2 following NGF induction (Fig. 1A) . PC12 cells were then immunostained with either anti-MRP2 antibody or preimmune serum (from the rabbit host that was used to generate the anti-MRP2 antibody). No expression of MRP2 was observed with the preimmune antibody (Fig. 1B , lower right panel).
During axonal elongation in development, the growth cone forms transient adhesions. The cytoskeletal machinery translates these adhesions into a pulling force to move the growth cone forward. Since cytoskeletal proteins including Talin have been reported to be colocalized with ␤1 integrin in the central domain of neuronal growth cones and at the tips of the filopodia (37), we examined the colocalization of MRP2 with Talin. As shown in Fig. 1B , the colocalization of Talin and MRP2 was observed in the growth cones of differentiated PC12 cells. We next examined the transcript levels of MRP2 upon NGF stimulation of PC12 cells. Semiquantitative RT-PCR analysis showed that MRP2 transcripts were increased in a time-dependent manner upon NGF treatment (Fig. 1C) . In addition, following 72 h of NGF stimulation, a significant (2.5-fold) increase in MRP2 protein expression was found (Fig. 1D) . The protein levels of MRP2, derived from three individual experiments, were pooled and expressed in arbitrary units (Fig. 1E ). These results demonstrate that NGF induces an increase in MRP2 mRNA and protein expression.
We then examined the expression of MRP2 in differentiated rat primary hippocampal neurons by immunohistochemical staining. We observed MRP2 expression in the cytosol of both the cell bodies and growth cones of the differentiated neurons (see Fig. 4D ).
Effects of siMRP2 on neurite outgrowth in NGF-induced PC12 cells. Advanced application of RNA interference that silences targeted genes in mammalian cells has become a powerful tool for studying gene function. Thus, we examined the involvement of MRP2 in the neurite outgrowth of PC12 cells using the small interference RNA (siRNA) approach. Because activation of GSK3␤ by NGF through the TrkA receptors has been shown to mediate neurite outgrowth and treatment of NGF-induced PC12 cells with lithium inhibited these process extensions (16, 17) , we therefore used siGSK3␤ and siGFP in these experiments as positive and negative controls, respectively. PC12 cells were transfected with siMRP2 or siGFP (as a control). Twenty-four hours following transfection, cells were treated with NGF at a concentration of 50 ng/ml and the effect of siMRP2 on neurite outgrowth as well as MRP2 transcript and protein expression was evaluated. Untransfected and siGFP-transfected PC12 cells responded well to NGF induction by forming long processes and exhibiting a larger population of cells with significant neurite extensions as compared to the control cells (noninduced) (Fig. 2A) . Treatment of PC12 cells with either siMRP2 or siGSK3␤ resulted in a strong inhibition of the NGF-induced neurite outgrowth, as only about 43% and 37% of the siMRP2-and siGSK3␤-transfected PC12 cells, respectively, exhibited outgrowth ( Fig. 2A) .
PC12 cells treated with siMRP2 also showed a significant decrease in MRP2 protein expression in the presence of NGF (Fig. 2B) . Moreover, semiquantitative RT-PCR analysis of these NGF-treated cells demonstrated that siMRP2 decreased MRP2 transcript levels, which correlated with the observed reductions in both MRP2 protein levels (Fig. 2B ) and neurite outgrowth ( Fig. 2A) . Interestingly, down-regulation of MRP2 protein levels was found in the NGF-induced PC12 cells transfected with siGSK3␤ (Fig. 2B) , providing a strong link between MRP2 and GSK3␤ expression levels during neurite outgrowth. The relative expression levels of MRP2 and GSK3␤, derived from three individual experiments, were pooled and are shown in arbitrary units ( Fig. 2C and D) . A significant decrease in the transcript and protein levels of MRP2 was observed following the siMRP2 and siGSK3␤ treatments ( Fig. 2C and 2E) , whereas a reduction in GSK3␤ levels was observed only with the siGSK3␤ treatment ( Fig. 2B and 2D ), indicating that GSK3␤ is an upstream regulator of MRP2.
MRP2 interaction with GSK3␤ and actin. GSK3␤ is developmentally regulated and implicated in axonogenesis in the central nervous system of vertebrates (30) . Since stimulation of PC12 cells with NGF induced neurite outgrowth and up-regulated MRP2 expression levels ( Fig. 1) and treatment of the cells with either siMRP2 or siGSK3␤ reduced their neurite outgrowth in response to NGF induction (Fig. 2) , we investigated whether these molecules were associated during neurite outgrowth.
MRP2, a kelch-related protein, consists of two important domains, termed BTB and kelch (Fig. 3A) . The NH 2 terminus containing the BTB domain of MRP2, found primarily in zinc finger proteins, was proposed to function as a protein-protein interaction interface, while its COOH-terminal kelch repeats may have functional significance in actin binding and protein folding. Therefore, we examined the association of these two domains of MRP2 with GSK3␤. To analyze the potential interaction of full-length MRP2 and GSK3␤, we first used 293T cells. Cells were seeded and transfected with Flag-MRP2 (Fig.  3B ). In addition, MRP2 was immunoprecipitated with anti-HA antibody in samples cotransfected with HA-GSK3␤ and Flag-MRP2, but not in samples transfected with either Flag-MRP2 or HA-GSK3␤ alone (Fig. 3B) .
Next, HA-GSK3␤ was cotransfected with the Flag-MRP2/ BTB domain or Flag-MRP2/Kelch domain in 293T cells. Total cell lysates were immunoprecipitated with anti-HA antibody and probed with anti-Flag antibody. The NH 2 terminus containing the BTB domain showed a strong association with GSK3␤, while the kelch motif exhibited no binding to GSK3␤ (Fig. 3C) .
Next, we examined the in vivo association of MRP2 and GSK3␤. Total cell lysates were prepared from PC12 cells and Western blot analysis with anti-GSK3␤ (␣-GSK3␤) (D) and antiactin (␣-Actin) (E) antibodies was used to demonstrate the endogenous interaction of MRP2 with GSK3␤ and actin, respectively. (F and G) Total cell lysates from differentiated rat primary hippocampal neurons were immunoprecipitated with anti-GSK3␤ (F), antiactin (G), or IgG antibodies, followed by Western blotting with anti-MRP2 (␣-MRP2) antibodies. (H) Effect of NGF on the association of MRP2 with actin and GSK3␤. Total cell lysates from untreated or NGF-treated (50 ng/ml) PC12 cells were immunoprecipitated with anti-MRP2 antibody or IgG as a control. The immunoprecipitates were Western blotted with antiactin or anti-GSK3␤ antibody. CSK was used as an internal control for protein loading. ␣-CSK, anti-CSK. (I) Effects of siMRP2 on the association of MRP2 with GSK3␤ in NGF-treated PC12 cells. PC12 cells were transfected with siMRP2 or with siGFP as a control, and then treated with NGF (50 ng/ml) for 72 h. The PC12 cell extracts were immunoprecipitated with anti-GSK3␤ antibody or IgG and then Western blotted with anti-MRP2 antibodies. CSK expression was used as an internal control for protein loading. (Fig. 3D ).
As shown in Fig. 2B , knockdown of GSK3␤ reduced MRP2 protein levels, whereas siMRP2 treatment had no effects on GSK3␤ protein levels, suggesting that GSK3␤ may be an upstream regulator of MRP2 during neuronal process extension. To further examine this possibility, we determined the direct association of MRP2 with actin in PC12 cells. The total cell lysates of PC12 cells were precipitated with GST or GST-MRP2. As shown in Fig. 3E , MRP2 did bind to actin. Furthermore, endogenous MRP2 was associated with endogenous GSK3␤ and actin in differentiated rat primary hippocampal neurons ( Fig. 3F and G) . Thus, MRP2 associates directly with GSK3␤ and actin and acts as an actin-binding protein in PC12 cells and in rat primary hippocampal neurons.
We next examined the effect of NGF on the association of MRP2 with GSK3␤ and actin. Total cell lysates were prepared from PC12 cells untreated or treated with NGF for 72 h and then immunoprecipitated with anti-MRP2 antibody or IgG as a control. The immunoprecipitates were analyzed by Western blotting with antiactin or anti-GSK3␤ antibodies. CSK was used as an internal control for equal protein loading. As shown in Fig. 3H , the MRP2-actin and MRP2-GSK3␤ associations were increased upon NGF treatment. To explore the importance of the MRP2 and GSK3␤ association in neurite outgrowth, we transfected PC12 cells with siMRP2 as well as with control siGFP, followed by treatment with NGF for 72 h. Total cell lysates were immunoprecipitated with anti-GSK3␤ antibody or IgG and then immunoblotted with anti-MRP2 antibody. As shown in Fig. 3I , NGF treatment increased the MRP2 and GSK3␤ association in untransfected and siGFP-transfected PC12 cells, whereas NGF significantly decreased the association of GSK3␤ with MRP2 in the siMRP2-transfected PC12 cells. Subcellular localization of MRP2 and GSK3␤. We first examined the subcellular localization of MRP2 and GSK3␤ in 293T cells. Cells were cotransfected with pEGFP-MRP2 and HA-GSK3␤ and then immunostained with anti-GSK3␤ antibody. Both MRP2 and GSK3␤ were colocalized in the cytoplasm of these cells, as analyzed by confocal microscopy (Fig.  4A, upper panel) . In addition, when we cotransfected 293T cells with Flag-MRP2 and HA-GSK3␤, followed by immunostaining with anti-Flag and anti-HA antibodies, colocalization of MRP2 and GSK3␤ was also observed in these cells (Fig. 4A,  lower panel) . Next, we determined the endogenous colocalization of these proteins in PC12 cells. While in the nontreated PC12 cells, MRP2 and GSK3␤ were colocalized in the cytoplasm (Fig. 4B) , in the NGF-treated PC12 cells, MRP2 and GSK3␤ were colocalized in the cell body and along the processes including the growth cones (Fig. 4C) . The colocalization of MRP2 and GSK3␤ in 3-day differentiated rat primary hippocampal neurons was also analyzed by confocal microscopy. The analysis showed that MRP2 and GSK3␤ were colocalized in the cytosol of both the cell bodies and growth cones of the differentiated neurons (Fig. 4D) .
Effects of a specific GSK3␤ inhibitor on MRP2 expression and neurite outgrowth. Lithium ion has been reported to inhibit the activity of human GSK3␤ (26, 35, 42) . Lithium reportedly exerts a profound morphological effect on developing neurons (10, 21, 32, 33, 44) . Treatment with lithium ion was shown to inhibit GSK3-dependent phosphorylation of the microtubule-associated protein, Tau (42) and to suppress the expression and phosphorylation of MAP1B (16) . We observed that treatment of NGF-induced PC12 cells with siGSK3␤ reduced MRP2 protein levels, which correlated with the decreased number of cells exhibiting neurite outgrowth (Fig. 2) . Since GSK3␤ may mediate the function of MRP2 in neurite outgrowth, we examined the effect of LiCl on MRP2 protein levels in NGF-induced PC12 cells. We first tested various concentrations of NaCl and LiCl in the PC12 cells and determined 10 mM of both NaCl and LiCl to be the optimal nontoxic dose for these studies, as described elsewhere (42) . PC12 cells were seeded in six-well plates and treated with LiCl or NaCl. After 2 h, the cell cultures were stimulated with NGF (50 ng/ml) and further incubated for 72 h. The effects of the LiCl and NaCl treatments on neurite outgrowth were evaluated based on the length of the outgrowth. Neurite outgrowth was largely inhibited in the NGF-plus LiCl-treated cells, as an average of only 24% of the cells were observed to have processes (Fig. 5A) . Treatment of PC12 cells with NGF was previously shown to activate GSK3␤ activity and to result in increased MAP1B expression, whereas NGF treatment in the presence of LiCl inhibited GSK3␤ activity and resulted in decreased MAP1B expression (15, 16) . Therefore, to examine the effect of NGF and LiCl on GSK3␤, we monitored MAP1B expression in PC12 cells after 72 h of treatment with these factors. Using Western blot analysis, we showed that MRP2 expression was increased in the NGF-or NGF-plus NaCl-treated PC12 cells, whereas its expression was down-regulated in the NGF-plus LiCl-treated cells (Fig. 5B and C) . Furthermore, the expression levels of MRP2 correlated with the MAP1B expression levels ( Fig. 5B and D) . Pooled data from three individual experiments demonstrating the effects of LiCl on MRP2, MAP1B, and GSK3␤ expression are shown in arbitrary units (Fig. 5C, D , and E).
We next examined the effect of the GSK3␤ inhibitor on MRP2 transcript and protein expression levels. PC12 cells were treated with 50 nM of inGSK3 II (27) or with 10 mM of either LiCl or NaCl. Cells were then treated with NGF (50 ng/ml) for 72 h. LiCl and inGSK3 II exerted inhibitory effects on MRP2 transcript and protein levels in NGF-induced PC12 cells ( Fig. 5F and G) . Thus, while NGF activated GSK3␤, resulting in enhanced MRP2 expression, LiCl and inGSK3 II inhibited the activity of GSK3␤, which down-regulated the expression of MRP2.
Regulation of MRP2 expression by GSK3␤. GSK3␤ activity is regulated by positive and negative factors. The tyrosine phosphorylation of the GSK3␤ domain was shown to stimulate positive GSK3␤ activity (48) . Here, we examined the effect of NGF on the phosphorylation and expression of GSK3␤. PC12 cells were induced with NGF over a 72-h time course, and the tyrosine phosphorylation and expression levels of GSK3␤ were determined. As shown in Fig. 6A , the phosphorylation of GSK3␤ was significantly increased over the 72-h time period following NGF induction. The expression levels of GSK3␤ were also increased after stimulation with NGF (Fig. 6A) . Data collected from three individual experiments examining the effect of NGF on GSK3␤ activation (Fig. 6B ) and expression (Fig. 6C) were pooled, quantified, and expressed in arbitrary units. These results are in agreement with previous reports (16) .
Interestingly, the NGF-mediated phosphorylation and expression of GSK3␤ correlated with the increased MRP2 expression and neurite outgrowth in the PC12 cells (Fig. 1) . These results strongly suggest that NGF may enhance the expression and phosphorylation of GSK3␤, resulting in increased MRP2 expression. To address this question, we examined whether the overexpression of GSK3␤ has any effect on MRP2 expression. Transfection of various amounts of GSK3␤ and MRP2 in 293T cells showed that MRP2 expression levels were increased in a GSK3␤ dose-dependent manner ( Fig. 6D and E) . Taken together, these data indicate that GSK3␤ expression and activity are involved in modulating MRP2 expression.
Effects of exogenous MRP2 on neurite outgrowth. To examine whether MRP2 directly enhances neurite outgrowth, PC12 cells were transfected with EGFP/MRP2 or EGFP constructs. Cells were cultured for 72 h, and then the effect of MRP2 expression on the length of neurite outgrowth was analyzed as described in Materials and Methods. Four hundred cells from two individual experiments were counted, and no significant Effect of the GSK3␤ inhibitor on MRP2 protein and mRNA expression. PC12 cells were treated with NaCl (10 mM), LiCl (10 mM), or inGSK3 II (50 nM), followed by stimulation with NGF (50 ng/ml). Samples were divided into two portions. The first set of samples was used to prepare cell lysates and was then analyzed by Western blotting with anti-MRP2 antibody, as indicated. CSK was used as an internal control. The second set of samples was subjected to semiquantitative RT-PCR analysis using MRP2 primers. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) served as an internal control for mRNA loading. (G) The relative MRP2 mRNA levels as compared to the GAPDH control are expressed in arbitrary units. The data are based on three individual experiments. The bars in the graph represent the mean Ϯ SEM. ‫,ء‬ P Ͻ 0.05.
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on April 26, 2016 by guest http://mcb.asm.org/ differences in neurite outgrowth were observed (data not shown). Next, EGFP/MRP2-or EGFP-transfected PC12 cells were induced with NGF for 24 h. A total of 600 cells were counted by confocal microscopy in fields where EGFP/MRP2 or EGFP was observed, as shown in the representative image (Fig. 7A) . Evaluation of cells with EGFP/MRP2 expression compared to cells with EGFP expression was then made. We found that neurite outgrowth was enhanced in the presence of NGF in about 70% of the EGFP/MRP2-expressing cells compared to 35% of the cells expressing EGFP (Fig. 7B) . Thus, exogenous MRP2 significantly enhanced the neurite outgrowth of PC12 cells in the presence of NGF. MRP2 consists of the BTB and kelch domains. The NH 2 terminus containing the BTB domain was found to interact with GSK3␤ (Fig. 3C) . Thus, to delineate whether the BTB domain of MRP2 and/or the kelch repeats were required for neurite outgrowth, we transfected PC12 cells with Flag-MRP2 (full-length MRP2), Flag-MRP2/BTB, Flag-MRP2/Kelch, or the EGFP construct (negative control). After 24 h of transfection, cells were treated with NGF (50 ng/ml) for 24 h. Cells (Fig. 7C) . These results indicate that the MRP2/BTB domain is required for neurite outgrowth. Activated GSK3␤ modulates MRP2 through the TrkA tyrosine receptor. NGF has been reported to activate GSK3␤ through the TrkA tyrosine receptor (17) . In addition, inhibition of TrkA receptor tyrosine kinase activity with K252a has been shown to block the neurite outgrowth of PC12 cells (7, 17, 20) . Hence, we induced PC12 cells with NGF and investigated the effect on MRP2 expression of deactivating GSK3␤ with K252a. In the presence of NGF, K252a treatment resulted in an inhibitory effect on MRP2 expression, whereas dimethyl sulfoxide (DMSO) had no effect on MRP2 levels (Fig. 8) . As shown previously in Fig. 2 , inhibition of GSK3␤ down-regulated MRP2 levels and consequently inhibited neurite outgrowth.
Taken together, these results indicate that GSK3␤ regulates MRP2 in response to NGF stimulation in PC12 cells, leading to neurite outgrowth (see Fig. 9 for a schematic presentation of MRP2-mediated effects on neurite outgrowth).
DISCUSSION
In the present study, we examined the function of MRP2 in neurite outgrowth. We observed that MRP2 expression was up-regulated and localized along the neurites, including the growth cones, of both NGF-induced PC12 cells and differentiated rat primary hippocampal neurons, whereas knockdown of MRP2 expression resulted in inhibition of neurite outgrowth in the NGF-induced PC12 cells. We further observed that MRP2 interacted and colocalized with GSK3␤ in the PC12 cells as well as in the rat primary hippocampal neurons and that inhibition of GSK3␤ decreased MRP2 protein expression levels and subsequently reduced the number of cells with neurite outgrowth. Moreover, we noted a direct interaction of the NH 2 terminus containing the BTB domain of MRP2 with GSK3␤. The associations of MRP2 with actin and with GSK3␤ were increased in PC12 cells upon NGF treatment and were correlated with neurite outgrowth. Thus, our data demonstrate for the first time that MRP2 is an actin-binding protein that plays an important role in neurite outgrowth by acting as a downstream target of GSK3␤.
During differentiation, dynamic changes occur in the architecture of cells in response to NGF, leading not only to changes in cell morphology, but also to altered patterns of gene expression. NGF causes cytoskeletal rearrangement leading to neurite outgrowth in PC12 cells. In this study, we found that MRP2 transcript and protein expression levels were up-regulated during a time course of NGF stimulation (Fig. 1C, D , and E). Furthermore, MRP2 was expressed at moderate levels and localized in the cytoplasm of untreated PC12 cells, whereas its expression was up-regulated in differentiated PC12 cells (Fig.  1A and D) .
Cytoskeletal proteins (such as Talin) that cluster at adhesion sites have been detected in neuronal growth cones (43) . Our observation of MRP2 colocalization with Talin (Fig. 1B) provides an additional confirmation that MRP2 is present in the growth cones in NGF-induced PC12 cells. Interestingly, we observed expression of MRP2 along the neurite processes and its localization toward the growth cones of differentiating PC12 cells following NGF treatment (Fig. 1A and B) . The localization of MRP2 in the cytosol of both the cell bodies and growth cones is consistent with the potential role of MRP2 in growth cone function.
In addition, we noted that the responsiveness of PC12 cells to NGF induction was significantly suppressed when cells were treated with siMRP2, resulting in a shortening or abolishment of neurite extensions ( Fig. 2A) . Specifically, induction of PC12 cells by NGF up-regulated MRP2 protein levels, whereas targeting of the endogenous MRP2 resulted in a decrease in MRP2 expression as well as in the number of PC12 cells with neurite extensions. We further found abundant expression of MRP2 in differentiated rat primary hippocampal neurons (Fig.  4D) . Thus, up-regulation of MRP2 might be required for neurite outgrowth.
We next sought to elucidate the role of MRP2 in mediating neuronal differentiation. GSK3␤ has been implicated in signaling pathways affecting cell fate determination during embryogenesis (13a), as well as in the development of the early stage of the central nervous system and neuronal differentiation. We observed that NGF enhanced the activity and expression of GSK3␤ in PC12 cells (Fig. 6A, B, and C) , similar to the results reported previously (16) . NGF-activated GSK3␤ has been reported to modulate the expression and phosphorylation of MAP1B, as well as neuronal extension (16) . Here, we showed that the increased MRP2 expression was correlated with an increase in MAP1B expression and neurite outgrowth in NGFinduced PC12 cells (Fig. 5B, C, and D) .
To examine whether MRP2 expression enhances neurite outgrowth with or without the intervention of GSK3␤, we transfected exogenous MRP2 into PC12 cells in the absence or presence of NGF. We noted that exogenous MRP2 expression had no effects on neurite outgrowth in the absence of NGF (data not shown). However, in the presence of NGF, MRP2 significantly enhanced neurite outgrowth (Fig. 7) . These results strongly suggest the involvement of GSK3␤ in this process. We demonstrated the connection between GSK3␤ and MRP2 by on April 26, 2016 by guest http://mcb.asm.org/ knockdown of GSK3␤ using siRNA, which resulted in reduced MRP2 protein levels (Fig. 2) . Furthermore, we showed that GSK3␤ enhanced the expression of MRP2 in a GSK3␤ dosedependent manner ( Fig. 6D and E), while siMRP2 treatment had no effect on GSK3␤ expression ( Fig. 2B and D) . Taken together, these results indicate that GSK3␤ is an upstream regulator of MRP2 in neurite outgrowth. GSK3␤ has been reported to be the kinase that is most sensitive to inhibition by lithium (26, 35) , and lithium in turn has been shown to have strong effects on developing neurons (15, 33, 44) . Therefore, we treated NGF-induced PC12 cells with a GSK3␤ inhibitor (LiCl) and found that this form of lithium suppressed MRP2 expression. Since lithium has been shown to inactivate GSK3␤ activity, leading to the down-regulation of MAP1B expression and phosphorylation (16), we monitored the effect of lithium on GSK3␤ activity by suppressing MAP1B expression (Fig. 5B and D) . Inhibition of GSK3␤ resulted in the down-regulation of MRP2 expression (Fig. 5 ) and a reduced number of NGF-treated PC12 cells with longer process extensions (Fig. 2) . The results of the lithium treatment provide strong evidence that MRP2 is involved in the promotion of neurite outgrowth via GSK3␤ activity.
GSK3␤ has been shown to control cell polarity (14) and to play an important role both in the early patterning of the central nervous system and in neuronal differentiation (50) . GSK3␤ has also been reported to be present in growing axons, but completely absent at the end of axonogenesis, and to be restricted to the neuronal cell body in adults (30) . Noteworthy, we observed MRP2 colocalization with GSK3␤ along the process extensions of NGF-induced PC12 cells and differentiated rat primary hippocampal neurons (Fig. 4D) , strongly suggesting that GSK3␤ regulates MRP2 expression and localization toward the extending neurites.
MRP2 consists of a BTB domain in the predicted NH 2 terminus and a kelch domain in the predicted COOH terminus. The BTB domain is involved in the protein-protein interaction interface (4) and in both dimer and heterodimer formation in vitro (2) . We found that GSK3␤ is associated with the NH 2 terminus containing the BTB domain of MRP2 (Fig.  3C ) and that overexpression of the MRP2/BTB domain significantly enhanced neurite outgrowth, similar to the effect of full-length MRP2 (Fig. 7C) . Thus, modulation of MRP2 by GSK3␤ during neurite outgrowth may occur through GSK3␤'s interaction with the NH 2 terminus containing the BTB domain of MRP2.
We further noted the interaction of MRP2 with actin in differentiated primary rat hippocampal neurons (Fig. 3G) , and this interaction was increased in NGF-induced PC12 cells (Fig.  3H) . MRP2 may exert effects on actin rearrangement, possibly mediated through its kelch repeats, leading to neurite outgrowth. Of note, the actin-based cytoskeleton is essential for the generation and maintenance of cell polarity, cellular motility, and the formation of neural cell processes.
Taken together, our data show that MRP2 plays an important role in neurite outgrowth in a GSK3␤-dependent manner. Understanding the function of MRP2 in neurite outgrowth may provide further insights into neurogenesis.
